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ION THRUSTER PERFORMANCE MODEL 
John R. Brophy 

A model describing the performance of high flux density, cusped magnetic 
field ion thruster designs was developed during this grant period. This work 
is described in detail in Ref. 1 so it will only be summarized here. The 
model is formulated in terms of the average energy required to produce an 
ion in the discharge chamber plasma and the fraction of these ions that are 
extracted to form the beam. The direct loss of high energy (primary) elec- 
trons from the plasma to the anode is shown to have a major effect on thruster 
performance. The model provides simple algebraic equations enabling one to 
calculate the beam ion energy cost, the average discharge chamber plasma ion 
energy cost, the primary electron density, the primary-to-Maxwell ian electron 
density ratio and the Maxwellian electron temperature. Experiments which 
show the model correctly predicts the variation in plasma ion energy cost 
for changes in propellant gas (Ar, Kr and Xe), grid transparency to neutral 
atoms, beam extraction area, discharge voltage, and discharge chamber wall 
temperature are described in Ref. 1. 

The model and experiments indicate that thruster performance may be 
described in terms of only four thruster configuration dependent parameters 
and two operating ( parameters. The model also suggests that improved per- 
formance should be exhibited by thruster designs which extract a large 
fraction of the ions produced in the discharge chamber, which have good 
primary electron and neutral atom containment and which operate at high 
propellant flow rates. In addition, it suggests that hollow cathode 
efficiency becomes increasingly important to the discharge chamber per- 
formance as the discharge voltage is reduced. Finally, the utility of the 
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model in mission analysis calculations is demonstrated. The model makes 
it easy to determine which changes in thruster design or operating param- 
eters have the greatest effect on the payload fraction and/or mission 
duration. 

ION BEAMLET STEERING FOR TWO-GRID 
ELECTROSTATIC THRUSTERS 
John M, Homa 

An experimental study of ion beamlet steering in which the direction 
of beamlets emitted from a two-grid aperture system is controlled by relative 
translation of the grids, was completed during the grant period. This work 
is described in Ref. 2 so it will only be summarized here. The results pre- 
sented in Ref. 2 can be used to design electrostatic, ion accelerating devices 
for which the direction and focus of emerging beamlets are important. De- 
flection and divergence angle data are presented for two-grid systems as a 
function of the relative lateral displacement of the holes in these grids. 

At large displacements, accelerator grid impingements become excessive and 
this determines the maximum allowable displacement and as a result the useful 
range of beamlet deflection. Beamlet deflection is shown to vary linearly 
with grid offset angle over this range. Values of deflection-to-offset angle 
ratio and useful range of deflection are given as functions of grid-hole 
geometry, normalized perveance level, and accelerating voltage levels. The 
divergence of the beamlets is found to be unaffected by grid offset over the 
useful range of beamlet deflection. The grids of a typical dished-grid ion 
thruster are examined to determine the effects of thermally induced grid 
distortion and prescribed offset of grid hole centerlines on the character- 
istics of the emerging beamlets. The results are used to determine the 
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region on the grid surface where ion beamlet deflections exceed the useful 
range. Over this region high accelerator grid impingement currents and 
rapid grid erosion are predicted. 

THE ANNULAR FLOW ELECTROTHERMAL RAMJET 
Ben D. Shaw 

Theoretical analysis of the annular flow, electrothermal, plug ramjet 
was completed and the results are described in Ref. 3 so the results of this 
work will also simply be summarized here. In Ref. 3 the ramjet is examined 
as a possible means of achieving rapid projectile acceleration to velocities 
for such applications as direct launch of spacebound payloads. The perform- 
ance of this ramjet device operating with hydrogen propellant is examined 
for cases where this working fluid is treated (1) as a perfect gas and (2) as 
a gas that is allowed to dissociate and ionize and then recombine with finite 
reaction rates in the nozzle. Performance results for these cases are compared 
to the performance of a conventional ramjet operating with perfect gas } hydrogen 
propellant. It is shown that the performance of the conventional ramjet is 
superior to that of the annular flow, electrothermal ramjet. However, it is 
argued that the mechanical complexities associated with the conventional 
ramjet would make it impractical, and for this reason the annular flow, electro- 
thermal ramjet is more desirable as a launch system. Models are presented 
which describe both electrothermal, plug ramjet and conventional ramjet opera- 
tion, and it is shown that for a given flight velocity there is a rate of 
heat addition per unit propellant mass for which ramjet operation is opti- 
mized. In general, dissociation and ionization losses in the hydrogen 
propellant are found to be small and nozzle flow is shown to be near 
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chemical equilibrium rather than the chemically frozen state. It is demon- 
strated that diffuser shock losses, while significant, do not degrade per- 
formance to unacceptably low levels. Data are presented in such a way that 
they can be used in analyzing various mission profiles. It is demonstrated 
that the residence times of fluid particles within the electrothermal^ plug 
ramjet are small compared with the times required for flow.fi. eld to change 
significantly. It is argued, therefore, that errors introduced by assuming 
quasi-steady flow are not excessive. The thermal efficiences over different 
launch cycles are shown to be high (between 30% and 40%) , and the pressure, 
temperature and power demand requirements are demonstrated to be reasonable. 
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RING CUSP DISCHARGE CHAMBER STUDIES 
Jeff Hiatt 

The ring cusp discharge chamber design proposed by Sovey for ion thruster 
applications in 1982 is attractive because it shows significantly lower beam 
ion energy costs than its predecessor, the low strength, divergent magnetic 
field thruster.^ The reason that the ring cusp thruster shows this improved 
performance is, however, not clear because several design parameters were 
changed to transform the low strength, divergent magnetic field thruster into 
the ring cusp design. Specifically the ring cusp thruster differs from its 
predecessor, the divergent field thruster, because a) it utilizes high magnetic 
flux density magnets [a few thousand gauss at the magnet surface vs a few 
hundred gauss for the divergent field design], b) it effects electron collec- 
tion at an anode on the magnetic field cusp rather than at an anode between 
cusps and c) it utilizes a hollow cathode exposed directly to the discharge 
chamber plasma rather than one that couples through a baffle aperture to the 
discharge plasma. This last design difference coupled with somewhat different 
magnetic field shapes for the two designs suggests that primary electrons are 
supplied to the discharge chamber along different magnetic field surfaces of 
revolution for the two designs. In order to investigate the effects of changes 
in magnetic field strength and points of electron emission and collection 
independently and to determine if still greater performance improvements might 
be realized in the ring cusp design, a series of experiments were conducted on 
an 8 cm ring cusp thruster. The thruster used in the study was designed so 
either the chamber length, the region of electron injection or the anode 
location relative to the magnetic field cusp could be varied during operation. 

Interpretation of the experimental results obtained in this study will 
be couched in terms of the ion thruster discharge chamber model proposed by 
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Brophy. 1 By examining the key parameters associated with this model, namely 
the plasma ion energy cost (e p ) and the extracted ion fraction (fg), it will 
be possible to determine whether improvements in performance caused by 
changing discharge chamber length, region of electron injection or region of 

electron collection actually come about because of improved utilization of 

| . . 

the energy supplied to discharge chamber electrons, an increase in the fraction 
of the plasma ion extracted into the ion beam or both. 

Apparatus and Procedure 

The basic 8 cm diameter discharge chamber used in these studies is shown 
schematically in Fig. 1. In the configuration of Fig. 1 , the chamber is 
arranged so the steel backplate can be moved axially under the action of the 
lead screw, yoke and guideposts. In other configurations (Figs. 2 and 3) the 
lead screw is connected through the yoke and appropriate insulators to either 
the cathode or anode so their axial location can be varied during operation. 

In each of these configurations, the steel cylindrical housing has a 9.2 cm 
inside diameter and both it and the steel backplate are 6.4 mm thick. A single 
1.9 cm x 1.3 cm x 0.5 mm thick samarium cobalt magnet on the thruster center- 
line and a ring of these magnets arranged end-to-end 3.7 cm upstream of the 
grids drive the magnetic circuit (Figs. 1 and 3). For the cathode study 
(Fig. 2) the ring magnet is 3.2 cm upstream of the grids. These magnets 
have a flux density of 0.27 T at their surfaces and they are arranged so 
the polarity on the outer surface of the ring magnet is opposite to that 
at the outer surface of the centerline magnet. An iron filings map of the 
resulting magnetic field for the case where the backplate is 11.7 cm up- 
stream of the grids is shown in Fig. 4. Because of the high magnetic field 
strengths in this chamber, the unique procedure described in Appendix A had 
to be developed to make this iron filings map. It is noted that Figs. 1, 2 
and 3 show cooling coils on the backplate and sidewalls; they are provided to 
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Figure 1. 8 cm dia Ring Cusp Thruster with Movable Back Plate 
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insure the magnets will not be overheated and to prevent thermally induced 
binding of the movable backplate. 

In all configurations the grids have a cold spacing of 0.86 mm, the 
screen grid holes are 1.9 mm dia, the accel grid holes are 1.7 mm dia and 
the hole-to-hole spacing on these grids is 2.2 mm. For all tests the screen 
grid potential was 750 v, the accel grid voltage was -250 v and argon pro- 
pellant was fed through the discharge chamber sidewall in the manner suggested 
in Figs. 1 , 2 and 3. The tests were conducted at a discharge voltage of 50 v 
unless otherwise noted. All tests were conducted in a 45 cm dia vacuum bell 
jar system in which the background pressure varied over the range 5 x 10 -5 
Torr to 2 x 10" 4 Torr during testing. Neutral densities and propellant utili- 
zations have all been corrected for neutral backflow associated with the bell 
jar pressure that prevailed during each particular test. 

For the discharge chamber length studies, the backplate could be moved 
over the range from 11.7 cm to 5 cm upstream of the grids during ion source 
operation. The cold thruster diametrical clearance between the backplate 
and the cylindrical housing was 0.13 mm. This value was selected as suffi- 
ciently great to permit axial motion of the backplate without imposing a 
large reluctance in the magnetic circuit at the backplate-sidewall interface. 

For these studies, two 0.25 mm dia tungsten filament cathodes, having a 
diametrical extent of 6 cm, heated by alternating currents were used. The 
filaments were located ^ 1.5 cm upstream of the screen grid. The anodes used 
in this series of tests were 0.25 mm thick steel sheets magnetically attracted 
toward, but separated from, the centerline and ring magnets by 0.76 mm thick 
flexible mica sheets — in this configuration electron collection occurs at the 
magnetic field cusp. For these tests the screen grid was masked down to produce 


an 8 cm dia. beam. 
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For the study of the effects of cathode position on performance, the 
backplate was fixed at an 11.7 cm length and the guideposts of Fig. 1 were 
replaced by pieces of quartz tubing that housed copper wires supporting a 
single 0.75 cm dia cathode coil of 0.25 mm dia tungsten wire in the manner 
suggested by Fig. 2. The coil structure extended 4 cm across the discharge 
chamber; this configuration was selected to be sufficiently flexible so the 
wire would not break as it was moved under the action of the lead screw and 
yoke over its axial range from 0.7 to 7 cm upstream of the grids. Anodes 
were also located at the magnet surfaces for this study so electron collec- 
tion occurred at the cusps of these magnets. The screen grid was again 
masked down to produce an 8 cm dia. beam. 

In studying the effects of anode position on performance, the anode 
position could be varied continuously at each of three backplate axial 
locations (corresponding to chamber lengths of 11.7, 8.8 and 5.3 cm). The 
dual, tungsten filament cathode position was however held fixed at 1.5 cm 
upstream of the grids. In order to conduct these tests, the sheet metal 
anodes on the magnets were replaced by a single stainless steel wire loop 
anode supported from the movable yoke by copper wires housed in aluminum 
oxide tubes after the manner suggested in Fig. 3. Actually anode loops having 
major diameters of 7.6, 6 and 4 cm were all tested and they could be moved 
over the range from 1 cm to 10 cm upstream of the grids under the action of 
the yoke and lead screw. For this test the screen grid was masked to produce 
a beam diameter of 4 cm. 

The basic test procedures used in conducting all of the test were similar 
and involved establishment of the desired argon mass flow rate (m) (100-700 
mA eq.) and a steady discharge at a 50 v discharge voltage (Vp) and a moderate 
discharge current (Jp). The discharge current was then changed in increments 
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and the discharge current, ion beam current (J g ) and ion production current 
(Jp) were measured at each increment. The parameter of interest (chamber 
length, cathode or anode location) was then varied and the procedure was 
repeated. If desired, the propellant flow rate could also be changed and this 
procedure could be repeated. Extracted ion fractions (f g ) and energy costs 
per plasma ion (e p ) were computed from the measured data using the usual 
equations. 1 

f B =J B /J P (1) 

e P ~ ^ ^D^P (2) 

The ion production current was determined in the conventional way 1 for these 
tests. This is accomplished by biasing the thruster body and screen grid 
^ 30 v negative of cathode potential to repel electrons so the ion currents 
to each of these surfaces can be measured. The sum of the ion currents to 
these surfaces and into the beam approaches the total ion production current 

Jc 

(Jp). It should be noted that in conducting the study of the effect of anode 
position on performance the discharge would go out when the anode was moved 
too far from the axial location of the magnetic field cusp. The axial loca- 
tion of the anode at which this occurred repeatedly for a given anode loop 
diameter is referred to as the extinction point for that loop. In this report 
the extinction point will always be the one between the cusp at the ring mag- 
net and the grids because operation of the thruster with the anode on the other 
side of the cusp (upstream) always resulted in poorer performance. 


The error between thetrue ion production current and the measured current 
is due to the collection of ions on the anode and the cathode wires and 
support posts. This error should be small because the areas of these 
surfaces are small compared to those of the thruster body and gridJ 
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Results 

Effect of Discharge Chamber Length 

As discharge chamber length increases, the ratio of the path length for 

a typical primary electron that reaches an anode to its mean free path for 

inelastic collisions also increases. As a result the probability that a 

primary electron will lose its energy in an ionizing collision increases. Two 

recent theoretical models have employed these facts to show the energy cost of 

1 5 

a plasma ion should decrease with discharge chamber length. Results showing 
that this trend is also observed experimentally are given in Fig. 5. While 
these data were obtained at a flow rate of 103 mA eq., this general result was 
typical over the limited flow rate range investigated. While the data of Fig. 5 
suggest this trend is independent of propellant utilization, it should be noted 
that the theoretical model of the process 1 suggests that the plasma ion energy 
cost should become independent of chamber length at very low utilizations and 
high flow rates. 

The overall ring cusp thruster performance (beam ion energy cost) is 
dependent on both on the plasma ion energy cost and the fraction of the plasma 
ions produced that are extracted into the beam. The typical effect of discharge 
chamber length on the extracted ion fraction measured in these tests is shown 
in Fig. 6. It is observed to decrease as the discharge chamber is lengthened, 
and to decrease less rapidly as the propellant utilization is increased. It 
should be noted that the curves of Fig. 6 correspond to operation at constant 
beam current (mass flow rate and utilization are both constant). This leads 
to the observation that increasing the chamber length causes the extracted 
ion fraction to decrease because the ion production current increases while 
the beam current remains constant. The decrease in extracted ion fraction with 
chamber length is expected because this fraction should be directly proportional 
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to the ratio of beam cross sectional area to the surface area of the discharge 
chamber and this ratio decreases with chamber length. The effects of propellant 
utilization on the extracted ion fraction vs. discharge chamber length curve 
is not predicted by existing models. 

The energy cost of a beam ion (e B ) is described in terms of the plasma 
ion energy cost (e p ) and the extracted ion fraction (f B ) by the equation 1 


for the present case where the fraction of the thruster interior surface area 
at anode potential is small. Applying this equation to the results of Figs. 5 
and 6 yields the plots shown in Fig. 7. These plots suggest there is an 
optimum discharge chamber length for this 8 cm dia. ring cusp thruster (i.e. 
the one of Fig. 1) of 8-9 cm which will yield a minimum beam ion energy cost. 
This minimum is, however, observed to be quite broad so chamber length does 
not have a strong influence on performance. It is noted that a similar 
optimum length was observed by Isaacson and Kaufman for a 15 cm dia. multi- 
pole,argon thruster. 6 It is also noted that the results of Fig. 7 apply to 
the case where electron collection occurs at the magnetic field cusps and the 
optimum length observed for this case will be shown later to be different 
from the one obtained when the region of electron collection is moved axially 
away from the midpoint of these cusps. 
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Effect of Cathode Location 

The dramatic effect of the axial location of a filament cathode on the 
energy cost per plasma ion for an 8 cm dia. , 11.7 cm long ring cusp thruster 
(the one of Fig. 2) is shown in Fig. 8. These particular results were ob- 
tained at a propellant utilization (n u ) of 41% and flow rate (m) of 150 mA eq. 
but they are typical of all of the results obtained in this study. They show 
the lowest plasma ion energy cost when the cathode is close to the grids. The 
plasma ion energy cost is observed to rise rapidly as the cathode is moved up- 
stream from the vicinity of the grids until it peaks as the cathode moves 
through an axial location near that of the ring magnet and its cusp. Further 
upstream movement of the cathode causes the plasma ion energy cost to drop 
slightly and then level out. The horizontal error bars in Fig. 8 indicate the 
range over which emission occurred from the 0.75 cm dia. spiral cathode wires 
at a given axial location. It is believed that the highest energy cost per 
plasma ion occurs in the Fig. 8 data when the cathode is near the cusp because 
a substantial fraction of the primary electrons emitted from this location can 
travel in a straight line along the axis of the cusp and its associated con- 
verging magnetic field to the anode. This converging magnetic field can be 
seen in the iron filings map of Fig. 4. When the cathode is moved downstream, 
toward the grids, direct access to the anode along the axis of the cusp is 
denied, reflection from the converging magnetic field increases 7 and primary 
electron losses to the anode decrease. Axial cathode movement into the region 
upstream of the ring cusp apparently induces the same sort of decrease in 
losses through the ring cusp but losses to the centerline cusp anode apparently 
increase and the combined result is that the plasma ion energy cost remains 
relatively constant. While it may be possible to replace this centerline 
anode with a cathode potential surface and stop the electron losses to this 
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cusp, this change was not attempted during this study of the effect cathode 
location on performance. 

The percentage of ions extracted from the discharge chamber into the 
beam was found to decrease as the cathode was moved away from the screen grid 
toward the magnetic ring cusp. This effect is illustrated in Fig. 9 where the ex- 
tracted ion fraction is plotted as a function of the cathode-screen grid 
separation distance. The fraction of ions directed into the beam is seen to 
reach a minimum when the cathode is near the axial location of the magnetic 
ring cusp. It is believed that this fraction depends on the diameter of the 
surface of revolution of the magnetic field line most distant from the thruster 
centerline at the grids onto which primary electrons are emitted. When the 
cathode is close to the grids this would be the surface of revolution having 
the same diametrical extent at the grids as the cathode (^4 cm in the case of 
Fig. 2). If the cathode were positioned near the cusp, however, Fig. 4 suggests 
the electrons would be emitted onto field lines that converge as they extend 
toward the grids. This suggests that in this case the diametrical extent of 
the primary electron region at the grids would be small (« 4 cm). It is also 
postulated that the ion production region corresponds closely to the region 
occupied by the primary electrons. When the cathode is close to the grids, 
the ion production region would be large and close to the grids and the ex- 
tracted ion fraction would, therefore, be high. When the cathode is near the 
ring cusp, the ion production region is probably small, but more importantly 
it would be far from the grids and as a result the extracted ion fraction 
would be small. Although beam profiles were not measured in this study, one 
would expect the beam profile to be flatter if the cathode were near the grids. 

It should also be noted that the curve of Fig. 9 is one of constant beam 
current (flow rate and utilization are both constant). This means that 
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operation with the cathode at the cusp implies a higher ion production rate 
than that realized when the cathode is near the grids. 

A phenomenon similar to the one described in the preceeding paragraph 
was observed when the diametrical extent of the cathode was decreased from 
6 cm to 4 cm. This induced a reduction in the general level of extracted 
ion fraction from the 0.7 range (data of Fig. 6) to the 0.2 range (data of 
Fig. 9). Against is argued that the decrease in the diametrical extent of 
the cathode induced a reduction in the diametrical extent of the ion produc- 
tion volume near the grids and therefore a lesser ion extraction at the outer 
radii of the grids. 

Figure 9 also shows the extracted ion fraction rising as the cathode is 
moved upstream of the magnetic ring cusp. This phenomenon can be explained 
in a similar manner assuming that a small fraction of electrons entering the 
magnetic cusp region may be reflected onto field lines on the opposite side 
of the magnetic ring cusp. 

Because the plasma ion energy cost decreases and the extracted ion 
fraction increases as the cathode is moved close to the grids, the best overall 
performance (lowest beam ion energy cost) is realized with the cathode close 
to the grids. It should be noted, however, that the discharge becomes un- 
stable when the cathode is too close to the grids. The cause of this in- 
stability is not understood. 

Effect of Anode Position 

When the anode loop shown schematically in Fig. 3 is moved downstream 
from the axial location of the magnetic field cusp to a point just upstream 
of the discharge extinction point a dramatic reduction in the plasma ion 
energy cost is observed. The lowest (optimum) plasma ion energy cost is 
realized near the threshold of discharge extinction. This effect can be 
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seen in a plot of the plasma ion energy cost against the parameter [m (l-n u )]> 
which is proportional to the discharge chamber neutral density. Figure 10 
is a typical example of such a plot of data collected over a wide flow rate 
range in these tests. The extent of the reduction in the plasma ion energy 
cost induced by moving the anode from the cusp location downstream to that 
point where extinction is approached (optimized anode location) is seen by 
comparing the circular and square data symbols. These data can be fitted 
using the equation proposed by Brophy 1 


1 - e 


-C 0 m(l-n u ) 


-i 


(4) 


where e£, the baseline plasma ion energy cost, is the average energy required 
to produce an ion when losses associated with excitation reactions and 
Maxwellian electron energy losses to the anode are considered. The primary 
electron utilization factor, C Q , is given by the equation 


C o = 4 °o z e 


ev A <j> 
o g y o 


(5) 


where 0 ' is the total inelastic collision cross section for primary electron- 
neutral atom coll isions, is the primary electron containment length (i.e. 
the distance primary electrons would travel in the thruster before they would 
reach the anode if they had no inelastic collisions), e is the electron charge, 

Ag is the grid area, <t> Q is the grid transparency to neutral atoms, and v Q is 
the velocity of the neutral atoms. 

The values of the parameters and C Q that resulted in the best fits 
of the two data sets in Fig. 10 are indicated on the figure. The increase in 
C Q caused by moving the anode to the optimized location reflects a corresponding 
improvement in primary electron containment (an increase in i Q ) . The reason 
for the decrease in e|; caused by this anode movement is not certain but it is 
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probably due to both reduced ion losses to the ar$de and reduced Maxwellian 
temperatures for electrons collected at the anode in the optimized location. 
When the anode was moved from the cusp location to the optimized location, no 
significant changes in the extracted ion fractions were observed. Hence the 
minimum beam ion energy cost is realized when the plasma ion energy cost is 
a minimum (i.e. at the optimized anode location). 

The experimental study of the effect of anode axial position on perform- 
ance was repeated for three different discharge chamber lengths. Although 
the axial location of the anode loop at which the performance was optimized 
changed for each chamber length, the actual level of ion production losses at 
the optimum performance condition was independent of chamber length. This 
result is demonstrated in Fig. 11, where plasma ion energy cost/neutral density 
parameter data for three chamber lengths, are shown to fall on a common curve, 
characterized by C Q = 17 (A eq.) -1 and ej$ = 47 eV. This result is important 
because it implies that by optimizing the anode location relative to the magnet 
cusp one can define an ion source in which the plasma ion energy cost is in- 
dependent of discharge chamber length. This leaves the designer free to adjust 
discharge chamber length to maximize extracted ion fraction. 

A study was also conducted to determine how the anode axial position 
required for optimum performance was affected by changes in anode diameter. 

With the discharge chamber length held constant, the chamber was operated in 
three tests, each characterized by an anode loop with a different major diam- 
eter. When the anodes were moved near the discharge extinction points in 
these three tests, the performance was again optimized and the resulting plasma 
ion energy cost/neutral density parameter data points measured at these anode 
positions once again fell on a common curve. This curve is shown along with 
the data points corresponding to each anode diameter in Fig. 12. It is 
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noteworthy that the parameters characterizing the curve of Fig. 12 are 
essentially the same as those that characterized the curve of Fig. 11. It is 
noted that the 4 cm aTiode loop was operated ^ 0.3 cm upstream of the extinc- 
tion point to prevent excessive discharge current oscillations. These oscil- 
lations were not observed with the other anode loops. 

The results of Fig. 12 indicate that the same discharge performance 
characteristics can be achieved with anodes of different diameters if the 
axial location of each anode is proper. Some insight into which location is 
proper can be obtained by plotting the optimum anode positions on an iron 
filings map in the manner shown on Fig. 13. Careful examination of these anode 
locations suggests that to first order they fall along a single magnetic field 
line. This in turn suggests that the surface of revolution of this field line 
serves as a "optimum virtual anode" for collecting electrons. In other words 
the same performance is achieved in a discharge chamber for an anode positioned 
to collect electrons at any place along the surface of revolution of a given 
"virtual anode" field line. It is noted that the distance over which the anode 
could be moved from the position where the minimum plasma ion energy cost was 
first achieved to the point of discharge extinction was a function of neutral 
atom density. At low densities the discharge would extinguished at the same 
point that the minimum plasma ion energy cost was achieved. As the density 
was increased it appeared that the anode could be moved through a small distance 
at the minimum plasma ion energy cost before extinction occurred. 

The ion source was also operated at a 32v discharge voltage in the con- 
figuration of Fig. 3 with the anode position optimized. The plasma ion energy 
cost data associated with this test are compared to those at 50v by the square 
and circular data symbols respectively in Fig. 14. Both sets of data were 
characterized by baseline plasma ion energy costs (e*) of 45 eV and by primary 
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electron utilization factors (C Q ) of 11.5 (A eq.)" 1 for the 32v discharge and 

17 (A eq. ) -1 for the 50v discharge. Using the 17 (A eq.)- 1 value for C Q as a 

/ 8 

reference value in Eq. 5 with deHeers collision cross section data one 
predicts C Q = 12.8 (A eq.) -1 for 32v operation on argon. This value is rea- 
sonably close to the value of 11.5 (A eq.)" 1 determined from the experimental 
results of Fig. T4. This represents a corroboration of the discharge chamber 
model for a different discharge chamber diameter than the one Brophy 1 used in 
his tests. 

Conclusions 

The most significant finding from this study is probably that the effi- 
ciency of an 8 cm dia. chamber having one centerline and one ring magnetic 
field cusp is improved substantially by moving the electron collection point 
(anode) from the cusp to a point downstream of the cusp. This finding suggests 
that the improvement in thruster performance that Sovey^ achieved with the ring 
cusp thruster was not due to the fact that he moved the electron collection 
point from a field line off of the cusp to the cusp itself. Hence the improved 
performance he observed was caused by either removal of the baffle or the in- 
creased magnetic field strength in his thruster. The results of the present 
study also suggest that the region of electron collection on the anode corres- 
ponding to optimum performance may lie at any line of contact on the surface 
of revolution of the "optimum virtual anode" field line on which incipient 
discharge extinction occurs. The source of this improvement is a reduction 
in the plasma ion energy cost for the chamber. Extracted ion fractions do not 
seem to be affected by the location at which electron collection occurs so 
long as it is effected in the region between the ring cusp and the grids. 
Further, the optimum performance level that can be achieved by proper position- 
ing of the anode is the same, regardless of the length of the discharge chamber. 
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For a ring cusp discharge chamber in which electron collection does 
occur at the cusps , the length of the discharge chamber and the position of 
the cathode in the chamber affect both the energy cost of plasma ions and 
the extracted ion fractions. The most significant beneficial effect associated 
with these changes can be achieved by placing the cathode close to the grids. 
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HOLLOW CATHODE RESEARCH 

An experimental study of the suitability of hollow cathodes as electron 
emitters for arc jets was initiated late in the grant period and some prelimi- 
nary data were collected. The basic philosophy of the study was to begin with 
a hollow cathode operating in a regime, where it is known to perform well in 
ion thruster applications, and then extend the operation gradually into the 
arc jet operating regime, where its performance is not well understood. The 
transition between these operating regimes has involved changing the propellant 
from one used in ion sources (xenon) to one suitable for arc jets (nitrogen) 
and increasing the interelectrode pressure from the ion source regime (of order 
0.1 Torr) to that for arc jets (of order 1000 Torr). 

Apparatus and Procedure 

The basic test configuration used for this study as illustrated in 
Fig. 15a includes a conventional 6.3 mm dia. orificed hollow cathode and a 
5 cm dia. cylindrical, stainless steel, sheet metal anode having its axis 
concentric with that of the cathode. The hollow cathode, which has a 0.5 mm 
dia. hole at the center of its thoriated tungsten orifice plate, contains a 
rolled tantalum foil insert (4 layers of 0.013 mm thick foil) dipped in 
chemical R-500. The assembly of Fig. 15a is installed in a 30 cm dia. by 
45 cm high vacuum chamber that can be isolated from its vacuum pump and back- 
filled with various gases to ^ l atmosphere through a valve connected to the 
chamber. The interel ectrocte region can be probed using a Langmuir probe that 
can be swept from the cathode centerline to the anode surface at any axial 
location downstream of the cathode orifice plate. The probe has a tantalum 
electrode that is 0.79 mm dia. by 1.2 mm long. Its output is recorded on an 
X-Y plotter and analyzed using basically the same procedure as the one 

Q 

developed by Beattie. 
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Figure 15. Hollow Cathode Configurations 
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The test procedure used in this study involved heating the cathode, 
establishing a flow rate through it (% 400 mA eq. for xenon, ^ 5 A eq. for 
nitrogen) and then applying a few hundred volt potential to the anode until 
the discharge started and the discharge voltage and heater current could be 
turned down. During this startup procedure the bell jar pressure was main- 
tained in the range ^ 0.1 - 1 Torr. After startup the cathode flow rate was 
reduced to 92 mA eq. for xenon or maintained at 5 A eq. for nitrogen and the 
pressure was maintained in the range a- 0.01 to ^ 0.1 Torr. The discharge was 
then allowed to run at 1A discharge current for a few hours to insure opera- 
tion had stablized. The chamber was then isolated from the vacuum pump and 
backfilled with the desired gas in increments. After each backfill event the 
interelectrode pressure was measured using either a Shultz Phelps or 
mechanical bellows gauge, the anode voltage was noted and Langmuir probe 
traces were recorded. All tests reported here have been conducted at a 1A 
discharge current. 


Results 

When 92 mA of xenon was flowing through the cathode orifice and no 
backfill was being used the interelectrode pressure was typically ^ 0.01 Torr 
and the anode voltage required at 1A discharge current was ^ 20v. At this 
point the discharge luminosity extended from a bright spot at the orifice 
into a uniform, axially symmetric, rather diffuse plume extending about 3 cm 
downstream of the cathode. This operating condition is similar to that observed 
in ion thrusters using hollow cathodes.^ As the chamber was backfilled with 
xenon to a pressure in the range of 1 to 10 Torr a luminous sheath became 
visible at the anode surface and otherwise the appearance of the discharge 
did not change. In the 10 to 40 Torr range a very luminous spoke passing 
from the orifice to the edge of the anode in the manner suggested in Fig. 15b 
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became evident and the luminosity dropped off rapidly away from the spoke. 

As the interelectrode pressure was increased further no changes in the 
appearance of the discharge were evident; this discharge continued to pass 
from the orifice to the edge of the anode. In Fig. 16 a plot of data obtained 
in a typical run for a xenon-fed, xenon-backfilled cathode shows that the anode 
voltage remained essentially constant as the pressure was increased over the 
range from 'v, 0.1 Torr to about four orders of magnitude above this value. 

Figure 17a shows the potential profile measured through the discharge 
spoke at the point identified on Fig. 16 by the symbol (7) 10 Torr). 

These data suggest a ^ 20v potential rise at the cathode and no additional 
significant voltage drop either through the spoke plasma or at the anode. 
Essentially this same potential profile was observed over the complete range 
of pressures investigated using the xenon-fed cathode and xenon backfill. 

When the same xenon-fed hollow cathode was operated in a chamber back- 
filled with nitrogen the luminous sheath at the anode and the spoke again 
developed in the same pressure range that they had with xenon. In spite of 
this similarity the anode voltage required to sustain operation changed 
dramatically from that for the xenon backfilled one. This difference can be 
seen by comparing the circular and triangular data points of Fig. 16. Although 
these data points start out together at low pressure the nitrogen backfill 
causes the anode voltage to rise with increases in interelectrode pressure. 

At the point identified by (T) in Fig. 16 the potential profile through the 
spoke discharge followed the triangular symbols in Fig. 17a. By comparing the 
data points in this figure one can see the increase in anode voltage induced 
by an increase in interelectrode nitrogen pressure is required to overcome 
potential drops at the anode and in the bulk plasma of the spoke. The cathode 
potential drop is however not affected by the nitrogen backfill pressure so it 
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appears that the cathode is continuing to operate as it did in the low pressure 
ion thruster operating regime. It should be noted that an ideal arc jet would 
have zero voltage drop at the cathode and anode so all of the input power would 
be going to heat the propellant. Hence the nitrogen-backfilled cathode would 
be more attractive in this application than the xenon- backfil led one. The 
spoke observed in both of these tests is, however, undesirable because it 
implies incomplete heating of the propellant that would be flowing through the 
interelectrode gap of an arc jet. 

As the interelectrode nitrogen pressure of the xenon-fed cathode was in- 
creased above about 50 Torr the electron emission site would move from the 
cathode orifice to the edge of the orifice plate over a time period on the 
order of a second. As this movement occurs, the anode voltage drops in the 
manner suggested by the triangular symbols on Fig. 16. It is presumed this 
occurs because the distance^ between the electron emission site and the anode 
decrease when the transition occurs. The discharge generally stabilized with 
the electron current passing from a very hot spot on the edge of the cathode 
orifice plate and the upstream edge of the anode (as shown in Fig. 15c). It 
is noted that the pressure at which this occurred varied from test to test. 

The general trend was that the pressure that was required to induce the transi- 
tion in emission sites increased with cathode operating time. Because the 
work function of the insert generally increases with cathode operating time 
it is argued that the pressure required to induce the emission site transition 
from the insert to the edge of the orifice plate increases as the insert is 
depleted of low work function material. 

In a final series of tests the cathode was operated with 5 A eq. of 
nitrogen flowing through the cathode and nitrogen backfill was used. In this 
case the discharge behavior was essentially the same as that described for the 
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xenon-fed, nitrogen- backfilled cathode discharge. The typical anode voltage 
requirement as a function of interelectrode pressure is shown by the square 
symbols in Fig. 16. The interelectrode potential profiles for points and 
on this curve are given in Fig. 17b (solid squares for condition (T) where no 
internal cathode discharge was present and open squares for condition (^T) 
where an internal discharge was present). The data of Fig. 17b suggest that 
there is a small cathode voltage drop (in addition to bulk plasma and anode 
drops) that accompanies increases in interelectrode pressure. This behavior, 
which was not observed for the xenon- fed cathode, can be seen by comparing the 
open and solid squares at the cathode location (^ zero radius). Still the 
transition of the emission site from inside to outside of the cathode occurred 
in the same pressure range whether the interelectrode region was backfilled 
with xenon or nitrogen. It is possible that the cathode voltage drop suggested 
by the data of Fig. 17b was due in part to the fact that the Langmuir probe was 
not exactly at the cathode orifice. It had to be located 1-2 mm downstream to 
the orifice to insure that the probe would not affect the discharge. It is 
also likely that the nitrogen flow rate could be lowered somewhat to minimize 
this cathode voltage drop effect. The effects of changes in cathode flow 
rate have not been investigated at this time. 


Conclusions and Recommendations 

As the interelectrode nitrogen partial pressure of an orificed, hollow 
cathode discharge is increased the anode and bulk plasma potential drops 
increase. The voltage drop at the cathode does not seem to be affected as 
significantly by this pressure. This leads to the conclusion that most of 
the energy dissipation in such a discharge occurs at the anode and in the 
bulk plasma region of the discharge. This in turn suggests that the hollow 
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cathode should operate as effectively in the high pressure regime of the 
arc jet as it does in the low pressure one of the ion thruster. 

Unfortunately the electron emission site of an orificed hollow cathode 
moves from inside the cathode to the outside edge of the cathode orifice plate 
as the interelectrode nitrogen pressure passes through pressures in the range 
of several tens of Torr. When this transition occurs the anode voltage de- 
creases. In order to prevent this transition the hollow cathode orifice plate 
could be removed so the discharge can be established normally between the edge 
of the cathode tube and the anode. It is also noted that one reason for an 
orifice plate (to maintain the internal pressure in the cathode when external 
pressures are low) is eliminated when interelectrode pressures are high. 
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CONSTRAINED SHEATH OPTICS 

Both experimental and theoretical studies 11,12 have indicated that the 
shape of the sheath from which ions are drawn to form ion beamlets in an ion 
acceleration system, is altered by changes in the discharge plasma properties 
and the ion extraction voltages. This apparently occurs because altering 
either the discharge plasma without altering the accelerating voltage or visa 
versa necessitates a readjustment of the sheath to ensure the Child-Langmuir 
current density law will continue to be satisfied. For example, decreasing 

the rate at which ions are supplied to the sheath from a value J to J causes 

12 

the sheath to move further from the accelerator grid so the space charge 

limited capacity of the grid system will match and the reduced ion current 

being supplied. The nature of this sheath motion is suggested in Fig. 18a by 

the movement from the dashed sheath line (corresponding to J ) to the solid 

i 

one (corresponding to J^). Because the outer boundary of the sheath is con- 
strained by the edge of the screen grid hole, the change in beam current from 
J t0 J 2 results in a more concave sheath. This increased concavity in turn 
causes the qualitative change in the ion beamlet shape suggested by the transi- 
tion between the dashed and solid beamlet envelope lines in Fig. 18a. If beam 
current continues to be reduced the ion trajectories begin to cross over each 
other and excessive direct ion impingement on the accelerator grid occurs. 

If on the other hand, the current supplied to the grids is increased the 
sheath becomes flatter, the beamlet envelope expands and if this trend is con- 
tinued, direct ion impingement can again become excessive. It is this latter 

i 

condition that imposes a limit on the ion current that can be extracted at a 
given accelerating voltage condition. These arguments suggest that one might 
be able to realize either higher or lower ion beamlet currents at a given 
accelerating voltage condition without excessive impingement currents if the 
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a. FREE SHEATH OPTICS 



b. CONSTRAINED SHEATH OPTICS 

Figure 18. Qualitative Sheath/Beami et Behavior 
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shape of the sheath could be controlled. 

Several years ago, Byers proposed the use of a fine mesh screen to 

accomplish the sheath controlling function just described but found that the 

1 3 

screen burned through quickly. More recently Aston proposed the decoupled 
extraction and acceleration concept (DEAC),^ which includes focusing the 
screen grids that appear to be serving this same function. The constrained 
sheath optics system that is the focus of this research involves a screen like 
the one Byers proposed. The shape of this screen is selected to match the 
shape of the sheath of a properly focused beamlet.^ The basic concept of 
constrained sheath optics is then to place a constraining screen on the screen 
grid hole that would induce many sheaths that would move in the manner suggested 
in Fig. 18b as the beam current was changed from a high value J to a lower one 

l 

J . Because the overall sheath is constrained to the basic concave shape 

2 

shown in Fig. 18b, it is argued that the beamlet envelope remains relatively 
unchanged as these beam current changes are introduced. 

Apparatus and Procedure 

In order to test the validity of this concept, a special 8 cm dia. ring 
cusp ion source designed for ion implantation applications and equipped with 
a single 2.9 cm dia. screen grid aperture was modified to serve as a test 
bed. The source, which was operated on argon propellant for the tests, 
utilized a tungsten filament cathode. The accelerator grid had a single 
2.3 cm dia. aperture aligned with the screen grid aperture on the ion source 
centerline. The grids, which were both 1.5 mm thick, were separated by 2.8 cm. 

The test was conducted by operating the ion source over a range of beam 
currents at various accelerating voltage conditions first without the con- 
straining screen and then with it. At each operating condition the beam 
current and impingement current were recorded and ion beam was probed using 
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a Faraday probe located 46 cm downstream of the accel grid. From the Faraday 
probe data the divergence angle of the beam was computed using the usual defini- 
tion, namely the half angle of the cone enclosing 95% of the beam current and 
containing the circumference of the accel grid aperature. 

The constraining screen used for this study was made of 0.25 mm dia. 
tantalum wires separated by ^ 1 mm and arranged in a crossed pattern. It was 
attached by spot welding it to the upstream screen grid surface. The constrain- 
ing screen was then deformed mechanically until its position on the hole center- 
line was 0.03 cm upstream of its original, flat position and its contour 
appeared to be the same as that for the sheath of a well -focused beamlet. 11 

Results 

Results obtained in the tests are presented in Fig. 19 where a comparison 
of the impingement- to- beam current ratio and the beamlet divergence half angle 
are shown for various operating conditions both with the constraining screen 
(open symbols and solid lines) and without it (solid symbols and dashed lines). 
Normalized perveance per hole (P) values were computed for Fig. 19 using the 
equation 



where Jg is the beam current, Vj is the total accelerating voltage, and d $ is 
the screen hole diameter (defined in Fig. 18a). The effective acceleration 
length %, was assumed to be distance between the accelerator grid plane and 
an imaginary plane tangent to the constraining screen at the hole centerline. 
This same distance (a = 3.25 cm) was used to compute the perveance for both 
the free and constrained sheath results. The net accelerating voltages (V n ) 
and the net- to- total accelerating voltage ratios (R) given on Fig. 19 can 
be used to compute the total accelerating voltage needed in Eq. 6. 
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Figure 19. Constrained/ Free Sheath Optics Comparison 
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The data of Fig. 19, which have been collected over a very wide range 
of net accelerating voltages (7.5 kv to 60 kv), suggest two important points. 
They are: 

1) the impingement currents measured with the constraining screen are 
either equal to or less than those obtained without it, and 

2) the beamlet divergence angles remain relatively constant as either 
the beam current (i.e. normalized perveance per hole) or the 
accelerating voltage are changed with the constrained sheath optics 
while dramatic changes in these angles are observed when the free 
sheath optics system is used. 

It is noted that operation at high perveance levels was not attempted at 
the higher net accelerating voltage of Fig. 19. Such operation was not at- 
tempted because of the fear that the Faraday probe would be destoyed if it 
were operated in the high energy flux environment that exists in this regime. 

Concluding Remarks 

It should be noted that the net accelerating voltages used in this study 
are much higher than those that would be used in typical ion thruster applica- 
tions. Still, the trends shown support the physical model presented and 
suggest the constrained sheath optics concept could be used to maintain proper 
ion beamlet focusing at high beam current densities and low net accelerating 
voltages without the need for close grid spacings. Such operation would be 
accomplished by operating at a low net- to- total accelerating voltage ratio. 

It is also possible that a constrained sheath, single screen grid hole covered 
with a sheath constraining screen and a single hole accel grid might be used 
to design an ion optics system. It is noted that considerable additional re- 
search needs to be conducted to demonstrate the true potentials of this con- 
cept for ion thruster applications. This research should include a study of 



49 


the effects of 1) the webbing thickness and spacing and the aperture shapes 
in the constraining screen, 2) the surface contour of the constraining screen, 
3) installation of a third (decel) grid, and 4) operation at the net accelerat 
ing voltage and beam current levels appropriate to ion thruster operation. 

The following potential advantages of constrained sheath optics over 
conventional optics are suggested: 

• Higher current densities could be achieved at low specific impulses. 

• Close grid separations would not be required so grid failures due 
to thermal distortion and grid shorting by metallic flakes would be 
much less likely. 

• Thrusters having diameters greater than those being tested today 
could be operated. 

§ Stable grid system operation could be achieved over a wider range 
of beam current and acceleration voltage operating conditions. 

• The acceleration grid support structure would be simpler to both 
design and build. 

The concept also carries with it some disadvantages relative to conven- 
tional designs that should be mentioned. These include: 

• The screen grid fabrication requirements could be more complex. 

• Discharge chamber performance would be degraded if it were necessary 
to make the screen grid less transparent to discharge chamber ions 
than conventional designs. 

• The transparency of the grid system to neutral atoms could increase. 

Considered in total the potential advantages of the concept are con- 
sidered sufficient to outweigh the potential disadvantages and the concept 
is considered sufficiently promising to warrant additional study. 
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THREE GRID-BEAMLET VECTORING 
Barry Andrews 

The divergence and deflection characteristics of ion beam optics are 
important parameters in the design of electrostatic thrusters. At the low net 
acceleration voltages associated with low specific impulse, inert gas ion 
thruster operation it becomes necessary to either use an extremely close grid 
separation distance or to operate at a very low net- to- total accelerating 
voltage ratio. Operation at a low net-to-total accelerating voltage ratio 
requires a three grid optics system to assure good optical performance. In 
order to minimize the off-axis thrust associated with dished grid sets, hole 
misalignments are used to redirect the emerging beamlets from these three 
grid systems. A study that would yield either empirical correlations or a 
theoretical model of beamlet deflection as a function of hole misalignment 
would facilitate design of these grids. Further, some ion thruster appli- 
cations would benefit from a beam that could be vectored and grid translation 
is one method of producing a moderate thrust vectoring capability.^ In 
addition, beam focusing may be desirable to increase the current density in 
such ground-based applications as sputtering.^ Again a model or empirical 
correlations describing the effects of hole misalignment on three grid optics 
would be useful in designing the hardware needed for such equipment. Conrad 
has proposed a theoretical model of these effects^ and one purpose of this 
research id to verify his results over the range of parameters of interest 
for electric propulsion applications. A second objective is to determine 
the preferred grid system translation scheme for ion thruster applications. 
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Apparatus and Procedure 

The apparatus and procedures used for this study are identical to those 

2 

which were used during a previous beamlet vectoring investigation, except for 

the addition of a decelerator grid and the additional hardware needed to effect 

its translation. Briefly, a mildly divergent magnetic field 8 cm diameter 

electron-bombardment ion source is operated on argon propellant. Tungsten 

wire filaments are used as both the main and neutralizer cathode emitters. 

The screen, accelerator (accel), and decelerator (decel ) grids are made from 

thin, flat sheet graphite. The grid aperture pattern comprises a nineteen hole 

hexagonal array with a center-to-center hole spacing of 2.5 mm. Variable grid 

separation is accomplished by using various numbers of thin mica sheets (0.25 mm 

thick). The assembled accelerator system is placed on a masked-down discharge 

2 

chamber, which ensures that the 1 cm hexagonal hole array extracts ions from 
a near uniform plasma. The decelerator grid is biased 12v below ground 
potential to prevent neutralization electrons from reaching its surface. 

The nomenclature used to describe the geometry of one of the nineteen 
hole sets in the three grids is shown in Fig. 20. As the figure suggests the 

apparatus is designed so the accel, decel or both of these grids can be trans- 

lated to induce beamlet vectoring. The accelerator or decelerator grids can 
be translated in a direction perpendicular to the grid hole axes during thruster 
operation by mechanical systems coupled to micrometer assemblies, while the 
screen grid is held stationary. With this type of arrangement, relative 
screen grid deflection can also be achieved by translating the accel and decel 
holes simultaneously in such a way that their axes remain aligned. 

A schematic of this grid translating apparatus is shown in Figure 21. 
Separate assemblies attached to the accel and decel grids are used to translate 
them under the action of the micrometers, which are located outside of the bell 
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V T = TOTAL ACCELERATING VOLTAGE 
V N = NET ACCELERATING VOLTAGE 
V D = DISCHARGE VOLTAGE 
R = V N /V T 


SCREEN ACCEL DECEL 

GRID GRID GRID 



a - BEAM DIVERGENCE ANGLE 
£ - BEAM DEFLECTION ANGLE 
\ a - ACCEL GRID TRANSLATION 
X d DECEL GRID TRANSLATION 

Figure 20. Three-Grid Deflected Beamlet Nomenclature 



INSULATOR GRID 

SECTION A.-A 


Figure 21. Grid Translation Apparatus 
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jar. Extension springs are employed to remove the backlash from their assem- 
blies at the push rod/guide interface and at the micrometer/insulating 
connector-guide interface. The grids are held in place at their sides by 
grid guides and they are held at the proper spacing by a loading block that 
compresses the mica spacer/grid sandwich together. Testing of the apparatus 
has shown it is possible to maintain the desired positioning accurracy 
(< 0.01 mm) and achieve the needed electrical isolation between the various 
components of the system that are at different potentials. 

The procedure used in this study is similar to that employed by Homa 2 in 
an earlier experiment. In short, beam current density profiles are measured 
using a movable probe rake containing thirty individual Faraday ion current 
sensors which can be positioned at various distances downstream from the 


accelerator system. The beam current density profiles are recorded and analyzed 
using a Hewlett Packard 3054 Data Logger in conjunction with a computer routine. 
A detailed description of how the computer routine calculates divergence and 
deflection angles can be seen in the aforementioned study by Homa. 2 

For the present study, the standard case selected is defined by the 
following geometrical and operating conditions: 


Screen hole diameter (d ) 

s 

Total accelerating voltage (V^) 

Discharge voltage ( Vp) 

Net-to-total accelerating voltage ratio (R) 

Screen grid thickness ratio (t s /d g ) 

Accelerator grid thickness ratio (t /d ) 

a s 

Decelerator grid thickness ratio 

Accelerator hole diameter ratio (d /d ) 

a s 

Decelerator hole diameter ratio (d^/dg) 


2.06 mm 
1100 volts 
40 volts 
0.70 
0.19 
0.37 
0.37 
0.64 
0.83 
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Screen- to-accelerator grid separation ratio U g /d s ) 0.49 

Accel erator-to-decelerator grid separation ratio U d /d s ) 0.25 
The standard case described above was selected to define a condition at 
which the performance obtained from this apparatus could be compared to that 
measured previously in a study of the three inmovable grids. ^ 

Results 

The data that have been collected so far in this study are considered 
preliminary. The intent of this study is to determine the preferred way to 
achieve beamlet steering and then to carry out a parametric study using this 
preferred method. To this date, the experiments have not yielded sufficiently 
consistent results so such information as the ratio of deflection angle to grid 
translation distance can be presented. Research has shown, however, that trans- 
lation of the accel grid induces beamlet deflection in a direction opposite 
to accel grid motion while decel or screen grid translation cause the beamlet 
to be deflected in the same direction as either of these grids is moved. In 
addition, data collection has consistently shown that the deflection angle is 
most sensitive to accel grid translation and least sensitive to decel grid 
translation. 

Conclusion 

The apparatus needed to test the beamlet deflection induced by trans- 
lating each of the three grids relative to the other two grids has been de- 
veloped. Research has indicated that precision grid alignment and stable 
thruster operation are essential if accurate data are to be obtained. 

Further work is needed to obtain continuous and consistent values of beamlet 
deflection as a function grid translation. 
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APPENDIX A 

A Technique for Making Iron Filings Maps 
in Strong Fields from Permanent Magnets 

In order to make magnetic field maps for ring cusp thrusters, 100 mesh 
iron filings are mixed with a two-component acrylic and the mixture is placed 
in a thin layer between two slides, made from 1.6 mm thick clear acrylic that 
fit into the discharge chamber. The acrylic cement nearest the magnets is 
heated prior to insertion into the discharge chamber to speed curing in these 
high field strength areas. The slide assembly is then allowed to cool and 
after several minutes it is placed inside the discharge chamber to cure. The 
cement in the heated areas near the magnetic field cusps is more viscous than 
the rest of the mixture and this prevents rapid loss of the iron filings to 
the edges of the slide in these areas. The un-heated cement is less viscous 
and this facilitates movement of the iron filings in the lower flux density 
regions of the source. After the cement has set, the slide may be removed 
and photocopied. A typical map made in this way is shown in Fig. 4. The 
time required to make a map is of course dependent on the setting time of the 
cement being used. Cement having a 1 hour setting time was found to work well 
in making the map of Fig. 4. 
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